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Recent cosmological observations, such as the measurement of the primordial 4He abundance, CMB, and
large scale structure, give preference to the existence of extra radiation component, Nν > 0. The extra
radiation may be accounted for by particles which were in thermal equilibrium and decoupled before the
big bang nucleosynthesis. Broadly speaking, there are two possibilities: (1) there are about 10 particles
which have very weak couplings to the standard model particles and decoupled much before the QCD
phase transition; (2) there is one or a few light particles with a reasonably strong coupling to the plasma
and it decouples after the QCD phase transition. Focusing on the latter case, we ﬁnd that a light chiral
fermion is a suitable candidate, which evades astrophysical constraints. Interestingly, our scenario predicts
a new gauge symmetry at TeV scale, and therefore may be conﬁrmed at the LHC. As a concrete example,
we show that such a light fermion naturally appears in the E6-inspired GUT.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
One of the most important discoveries in cosmology is that the
Universe is expanding. Measuring the expansion rate has been one
of the central issues, because it provides fundamental cosmic age
and distance scales. We can infer the particle content of the Uni-
verse in the past, by measuring the primordial abundance of 4He,
the cosmic microwave background (CMB) anisotropies, and large
scale structure (LSS).
The primordial abundance of 4He was the key observational ev-
idence for the big bang theory. The big bang nucleosynthesis (BBN)
calculation agreed reasonably well with the observed 4He mass
fraction Yp together with other light element abundances given
in terms of a function of the baryon-to-photon ratio, η. In the
post-WMAP era, η was determined to a very high accuracy [1],
which allowed the internal consistency check of the BBN calcula-
tion based on the standard big bang cosmology.
It is known that the Yp is sensitive to the expansion rate of
the Universe during the BBN epoch,1 while it is a rather insen-
sitive baryometer. In the post-WMAP era, it turned out that the
helium mass fraction determined by extragalactic HII regions was
smaller than the value of Yp predicted by the BBN calculation
using the WMAP determined η. The apparent tension was partly
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1 Yp is also sensitive to large lepton asymmetry, especially of the electron type,
if any [2–7].0370-2693 © 2011 Elsevier B.V.
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minations of Yp , and it was pointed out that the precise deter-
mination of the helium abundance is limited by systematic uncer-
tainties [8]. Since then, as the physical processes as well as the
associated systematic corrections have been studied thoroughly,
the estimated helium mass fraction has increased substantially. Re-
cently, the authors of Ref. [9] claimed an excess of Yp at the 2σ
level, Yp = 0.2565± 0.0010(stat)± 0.0050(syst), which can be un-
derstood in terms of an effective number of light neutrino species
as Neff = 3.68+0.80−0.70 (2σ). For comparison, the WMAP value is given
by Yp = 0.2486 ± 0.0002 (68%CL) [10], and the standard cosmol-
ogy gives Neff ≈ 3. On the other hand, the authors of Ref. [11]
estimated the primordial helium abundance with an unrestricted
Monte Carlo taking account of all systematic corrections and ob-
tained Yp = 0.2561±0.0108 (68%CL), which is in broad agreement
with the WMAP result. Although the precise determination of the
helium abundance is still limited by systematic uncertainties, it is
intriguing that the center values of the two different results agree
with each other and both are higher than the WMAP value.
The combined analysis of the CMB and LSS data also constrains
the relativistic species after the matter-radiation equality. The anal-
ysis based on WMAP 7 yr + BAO + H0 gives Neff = 4.34+0.86−0.88
(68%CL) [1]. By combining the latest result of the Atacama Cos-
mology Telescope (ACT), the constraint is slightly improved and
becomes Neff = 4.56 ± 0.75 (68%CL) [12]. Thus, the CMB and LSS
data suggest the presence of extra radiation at the 2σ level.
It is remarkable that, while the helium abundance, the CMB
and LSS data are sensitive to the expansion rate of the Universe at
vastly different times, all the data mildly favor additional relativis-
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a deﬁnite conclusion, we assume in the following, that there is
indeed extra radiation suggested by the current observations, and
study its implications for particle physics.
The extra radiation may be “dark” radiation composed of un-
known light and relativistic particles, Xi , where the subscript
i = 1 · · ·n labels different species. Among various possibilities of
production mechanisms, we focus on a scenario that Xi were in
thermal equilibrium in the early Universe. This is because some
amount of ﬁne-tuning is necessary to account for Neff ∼ 1 in
such a case that Xi is produced non-thermally by the decay of
heavy particles [13]. If we assume that Xi is in equilibrium, their
total abundance is determined by the number of species n and
the decoupling time.2 In particular, the abundance of Xi that has
decoupled before the QCD phase transition is diluted by a factor
of 5–10. Therefore, broadly speaking, there are two possibilities:
(1) there are 5–10 light particles in equilibrium and decoupled
before the QCD phase transition, or (2) there is one or a few
light particles in equilibrium which have decoupled after the QCD
transition before the BBN epoch. In the former case, Xi has only
suppressed couplings to the standard model (SM) sector, and it
is in general diﬃcult to study the properties of dark radiation by
experiments. Also a mild ﬁne-tuning is necessary to account for
Neff ∼ 1.3 We focus on the latter case because it can naturally
explain the deviation from the standard value, Neff ∼ 1, and be-
cause, as we shall see, it leads to interesting implications for the
LHC. For simplicity we assume n = 1 unless otherwise stated.
In order to account for the excess Neff ∼ 1 suggested by the
CMB and LSS data, the mass of X1 must be lighter than 0.1 eV.4
Such a light mass is a puzzle and clearly calls for some explana-
tion. The light mass could be a result of an underlying symmetry
such as gauge symmetry, shift symmetry, or chiral symmetry. In
the following section we consider each case and discuss possible
astrophysical constraints. As we shall see, a chiral fermion, cou-
pled to the standard model with interactions suppressed by the
TeV scale, is a viable candidate for dark radiation. Interestingly
enough, such a scenario may be within the reach of the LHC.
2. Candidates for the extra radiation
In this section we discuss various possibilities for generating
the extra radiation, Neff  1, carried by a light particle X . In or-
der for X to be regarded as radiation both at the BBN and CMB
epochs, its mass must be smaller than ∼ 0.1 eV. One explanation
for such a small mass is that there is a symmetry forbidding the
mass.5 We consider the following three symmetries: gauge sym-
metry, shift symmetry, and chiral symmetry. First, a gauge symme-
try forbids a bare mass of the gauge boson. While a scalar mass is
not protected by symmetries in general,6 there is an important ex-
2 If Xi has a renormalizable coupling with the SM particles, Xi enters thermal
equilibrium at a late time. We will discuss this case in Section 2.1.
3 For instance, there might be a hidden SU(N) gauge symmetry and a massive
matter ﬁeld in the bifundamental representation of the SU(N) and SM gauge groups.
Assuming that the mass is heavier than the weak scale, the SU(N) gauge bosons
can account for Neff ∼ 1 if the SU(N) gauge coupling is suﬃciently small and if
N = 3–4. If the mass of the matter happens to be at the weak scale, it may be
within the reach of the LHC.
4 Note that the temperature of X1 is in general lower than the CMB photon tem-
perature by at most ∼ 4. The bound on the mass is still valid, taking account of this
factor. F.T. thanks J. Redondo for pointing out this issue.
5 We do not consider sterile (right-handed) neutrinos [14] here because there
is no symmetry to keep their mass light, especially in the context of the seesaw
mechanism and the leptogenesis scenario.
6 Supersymmetry (SUSY) helps to obtain a light scalar boson, since it relates a
scalar boson to its fermionic superpartner. However SUSY must be spontaneously
broken, and this generically induces a scalar boson mass heavier than 0.1 eV.ception, that is, a Nambu–Goldstone (NG) boson, which appears in
association with the spontaneous breakdown of a global symmetry.
If the global symmetry is exact, the NG boson remains massless
because of the shift symmetry. Finally, a chiral symmetry forbids
the bare mass term of a chiral fermion. In the following we con-
sider these possibilities separately.
The energy density of the extra radiation consisting of a particle
X is related to the effective number of neutrino species as
Neff = ρX
ρν
= 
(
g∗ν
g∗X
)4/3
, (1)
where
 =
{4/7 for a NG boson,
1 for a chiral fermion,
8/7 for a massless U(1) gauge boson.
(2)
Here ρν(ρX ) and g∗ν(g∗X ) are the energy density of one neutrino
species (X ) and relativistic degrees of freedom g∗ evaluated at the
time of decoupling of neutrinos (X ) from thermal plasma. The rel-
ativistic degrees of freedom drop sharply from about 50 to 20 at
T ∼ 200 MeV during the QCD phase transition. In the standard cos-
mology, the neutrinos decouple at a temperature about a few MeV,
and g∗ν is equal to 10.75. The helium abundance is sensitive to the
expansion rate at the decoupling of neutrinos. After the neutrino
decoupling, g∗ becomes 3.36 for T  MeV. Thus, if the decou-
pling temperature of X is between a few MeV and 100 MeV, g∗X
is comparable to g∗ν , and one can naturally explain the extra ra-
diation Neff ∼ 1. In the following we focus on this case, since
otherwise Neff becomes either smaller or bigger than 1, which
would necessitate multiple species of X or non-thermal produc-
tion to achieve Neff ∼ 1.
2.1. Spin 1 – gauge bosons
We consider a U(1) gauge symmetry (see footnote 3 for the case
of non-Abelian gauge group). The general Lagrangian for a hidden
photon γ ′ with a mass of mγ ′ is given by
L= −1
4
Fμν F
μν − 1
4
Bμν B
μν + χ
2
Fμν B
μν + 1
2
m2γ ′ BμB
μ, (3)
where Bμ and Bμν denote the hidden photon ﬁeld and its ﬁeld
strength. The third term represents a kinetic mixing between γ
and γ ′ , and χ is a numerical coeﬃcient. In this example, since the
hidden photon has a renormalizable coupling to the usual photon,
it enters thermal equilibrium at a late time, which should be con-
trasted to the other two cases considered in the following, where
the abundance of extra radiation is ﬁxed after the decoupling.
By redeﬁning Aμ and Bμ as A′μ = (1 − χ2)1/2Aμ and B ′μ =
Bμ − χ Aμ , we can remove the kinetic mixing term and obtain
canonical kinetic terms. Then, there appears a photon–hidden pho-
ton mixing in the mass matrix as
M2 =m2γ ′
(
χ2/(1− χ2) χ/√1− χ2
χ/
√
1− χ2 1
)
, (4)
where χ satisﬁes |χ | < 1. Note that detM2 = 0 and hence there
is a massless eigenstate, which can be regarded as a photon. By
calculating the effective rate for producing a hidden photon by the
process like γ e → γ ′e one can easily check that the hidden pho-
tons are never thermalized before the BBN epoch for mγ ′  0.1 eV
for |χ | < 1. Thus, this scenario cannot explain Neff ∼ 1 at the
BBN epoch [15,16].
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Next, let us consider an NG boson a, which is associated with
the spontaneous breakdown of some global symmetry at a scale
of fa . We assume that the explicit breaking of the symmetry is so
small that the a remains practically massless. The value of Neff is
at most 4/7 in this scenario.
First, consider an axion-like particle coupled to photons as
L= αe
8π
a
fa
Fμν F˜
μν. (5)
The freeze-out temperature is determined by the balance between
the Hubble expansion rate, H ∼ T 2/MP , and the rate of processes
such as γ e ↔ ae, where MP  2.4 × 1018 GeV is the reduced
Planck mass. The latter rate is evaluated as
Γ (γ e ↔ ae) ∼ 〈σ v〉ne ∼ α
3
e T
3
f 2a
, (6)
for T  1 MeV, where 〈σ v〉 is the cross section of the cor-
responding process and ne denotes the electron number den-
sity. We then ﬁnd that the freeze-out temperature of a is T f ∼
10 MeV( fa/105 GeV)2. Thus we need fa ∼ 105 GeV to account
for the extra radiation. However, it is excluded by the constraints
from the cooling of stars and white dwarfs. For example, the con-
straint from the observation of horizontal branch (HB) stars gives
fa  108 GeV [17].
Next let us consider a case that a interacts with hadrons, as
in the case of QCD axion [18]. It is possible to suppress the
axion–photon–photon coupling (5) due to an accidental cancel-
lation in the hadronic axion model [19,20]. In this case there
appears the so-called hadronic axion window, 105 GeV  fa 
106 GeV, where astrophysical constraints are avoided, while ax-
ions are kept thermalized down to O(10) MeV due to the coupling
with hadrons [21,22]. In this case the axion mass is as heavy as
O (10) eV, and so it should be rather regarded as a hot dark mat-
ter component. It was recently shown in Ref. [23] that the hadronic
axion window is closed from the CMB and LSS data. Thus it is dif-
ﬁcult to explain Neff ∼ 1 in this scenario.
2.3. Spin 1/2 – chiral fermions
Let us consider a chiral fermion ψ , which is assumed to have a
non-vanishing charge of a new U(1) gauge symmetry and hence
its mass term is forbidden.7 It is coupled to the gauge boson
AμH , as Lint = igAψψ AμH ψ¯γμψ . We also assume that SM fermions,
which we collectively denote by f , have interactions with AμH , as
Lint = igAff AμH f¯ γμ f . We assume that the U(1) gauge symmetry is
spontaneously broken and therefore the AH acquires a heavy mass,
mA . Integrating out the heavy gauge boson, we obtain an effective
four-fermion interaction as
Leff = 1
Λ2
(
f¯ γ μ f
)
(ψ¯γμψ), (7)
where Λ2 =m2A g−1Aψψ g−1Aff is the cutoff scale.
The freeze-out temperature of ψ is determined again by the
balance between the Hubble expansion rate, H ∼ T 2/MP , and the
rate of the interaction such as e+e− ↔ ψψ . The latter is evaluated
as
Γ
(
e+e− ↔ ψψ)∼ 〈σ v〉ne ∼ T 5
Λ4
, (8)
7 Following discussions do not much depend on whether a new gauge boson is
associated with an Abelian or non-Abelian gauge group. Here we consider the case
of U(1) gauge boson for simplicity.for T  1 MeV, where 〈σ v〉 is the cross section of the correspond-
ing process. The freeze-out temperature of ψ is then evaluated
roughly as T f ∼ 10 MeV(Λ/TeV)4/3. Thus the light chiral fermion
with a cutoff scale of O(1) TeV is a prime candidate for the extra
radiation.
Let us discuss astrophysical constraints on such ψ . Clearly, if
Λ  1 TeV, the coupling of ψ with electrons is weaker than the
usual weak interactions. The energy loss rate of stars due to emis-
sions of ψ is suppressed by the factor G−2F /Λ4 ∼ 0.01(Λ/TeV)−4
compared with that by the neutrino emission, where GF is the
Fermi constant. Therefore constraints from stars can be eas-
ily evaded. On the other hand, the supernova cooling argument
places a much tighter constraint. This is because the neutrinos
are trapped inside a supernova because of its extremely high den-
sity and temperature, and such ψ may carry a signiﬁcant amount
of energy from the supernova. The constraint on Λ from the
supernova cooling argument reads G−1F /Λ2  3 × 10−3, namely,
Λ  6 TeV [24]. For Λ ∼ 6 TeV, the freeze-out temperature is
about 100 MeV, and the relativistic degree of freedom is given
by g∗X  20. Thus, in order to explain Neff ∼ 1, a couple of such
ψ ’s are needed.
We may simply assume the presence of such a new U(1), but it
may be a part of a large gauge group of the grand uniﬁed theory
(GUT). In the next section we give one example inspired by the E6
GUT, which fulﬁlls the required property. In particular, there are
three light chiral fermions in this model.
3. An example: E6-inspired GUT
We have seen that a chiral fermion is a suitable candidate for
the extra radiation of the Universe. Now we discuss a possible ori-
gin of the new U(1) gauge symmetry and the extra fermion.
We need an additional gauge symmetry to forbid a bare mass
for a chiral fermion, and the simplest one is a U(1) gauge symme-
try. The U(1) symmetry must be spontaneously broken at TeV scale
to produce the right abundance of extra radiation. An important
constraint on such U(1) is that it must be free from the quantum
anomaly. One of the anomaly-free U(1)s is U(1)B–L , which naturally
appears in the SO(10) GUT. Actually, however, the U(1)B–L symme-
try should be spontaneously broken at a scale much higher than
the weak scale, in order to explain tiny neutrino masses through
the seesaw mechanism [25]. Then, we need to enlarge the gauge
group, and in fact, an additional anomaly-free U(1) often appears
in the breaking pattern of a GUT gauge group with a higher rank.
Here we consider a gauge group of two additional anomaly-
free U(1)’s, SU(5) × U(1)ψ × U(1)χ , where SU(5) includes the SM
gauge groups. This is inspired by the E6 model of the GUT [26],
since it has a symmetry breaking pattern, E6 → SO(10) × U(1)ψ
and SO(10) → SU(5)×U(1)χ . Although our result does not depend
on the details of underlying higher rank GUT theory, we use the E6
notation in the following analyses for concreteness.
The E6 group has a 27 representation, which can be decom-
posed as 27 = 161 + 10−2 + 14 in terms of the SO(10) representa-
tion, where the subscript denotes the U(1)ψ charge. Let us take a
fermion Ψ27 in a 27 representation, which contains Ψ16 , Ψ10 and
Ψ1 . Then, Ψ16 contains all the SM fermions in one generation as
well as an SM singlet fermion which is identiﬁed with a right-
handed neutrino. Note that 16 is decomposed as 16 = 10 + 5¯ + 1
in terms of the SU(5) representation. See Table 1 for notation and
charge assignments. We also introduce a scalar Φ27 in a 27 repre-
sentation, which contains Φ16 , Φ10 and Φ1 . The Φ10 is the Higgs
ﬁeld in the 10H (= 5H + 5¯H in terms of SU(5) representation),
which contains the SM Higgs boson. All the SM Yukawa couplings
arise from Φ27Ψ27Ψ27 . For instance the Yukawa couplings asso-
ciated with the SM fermions Ψ16 can be written as Φ10Ψ16Ψ16 .
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Notation and charge assignments on the ﬁelds in the model.
SO(10) ×U(1)ψ SU(5) × U(1)ψ × U(1)χ
Ψ16(1) ψ
(SM)
10 (1,1)
ψ
(SM)
5¯
(1,−3)
ψ
(SM)
1 (1,5) = νR
Ψ10(−2) ψ(10)5 (−2,−2)
ψ
(10)
5¯
(−2,2)
Ψ1(4) ψ1(4,0)
Φ16(1) φ
(16)
10 (1,1)
φ
(16)
5¯
(1,−3)
φ
(16)
1 (1,5)
Φ10(−2) φ5(−2,−2) ⊃ SM Higgs
φ5¯(−2,2) ⊃ SM Higgs
Φ1(4) φ1(4,0) = φX
On the other hand, the right-handed neutrino, ψ1 = νR, which
is an SU(5) singlet of Ψ16 , obtains a mass from an interaction,
Φ126Ψ16Ψ16 , where Φ126 is an SO(10) 126 representation Higgs,
a part of the 351′ representation of E6 [27]. If the singlet part of
Φ126 develops a large vacuum expectation value (VEV), the right-
handed neutrino acquires a Majorana mass of ∼ 〈Φ126〉. Note that
the VEV leaves 5U(1)ψ − U(1)χ unbroken, which we call U(1)X in
the following.
The singlet fermion Ψ1 = ψ1 remains massless as long as U(1)X
is unbroken. Let us assume that the U(1)X is spontaneously broken
only by the non-vanishing VEV of φX , 〈φX 〉 = ξ , where φX is the
SO(10) singlet Higgs scalar. The U(1)X gauge boson then acquires
a mass of the order of ξ . In order to have a cutoff scale Λ of
O(1) TeV in the four fermion interaction (7), hereafter we will set
ξ =O(1) TeV. The ψ1 obtains a mass only through the following
higher-dimensional operator,
L∼ φ
∗
Xφ
∗
Xψ1ψ1
M
+ h.c., (9)
where the form of the interaction is determined by the U(1)ψ
charge conservation. Thus, ψ1 obtains a mass m ∼ ξ2/M ∼ 10−3 eV,
where we have substituted ξ = 1 TeV and M = MP . If there is such
a singlet fermion ψ1 in each generation, we would have Neff ∼ 1
under the constraint Λ 6 TeV discussed in Section 2.3. Thus this
singlet fermion ψ1 in the E6-inspired GUT is a suitable candidate
for the extra radiation.
Let us comment on the fate of Ψ10 , which acquires a mass m10f
of order of ξ through a coupling to the singlet Higgs, Φ1Ψ10Ψ10 .
The Ψ10 decays into the Higgs and the singlet fermion through
the interaction Φ10Ψ10Ψ1 . Since the SM Higgs has a mass of
O(100) GeV, the non-colored part of Ψ10 decays quickly into the
SM Higgs and Ψ1 . However, the colored Higgs must have a huge
mass of order of the GUT scale in order to suppress the proton de-
cay, and hence the colored part of the Ψ10 can decay only through
the exchange of virtual colored Higgs boson. The decay rate is sup-
pressed as
Γ
(
Ψ color10
)∼ 10−2 m510f
M4GUT
 (1027 s)−1( m10f )5(1016 GeV)4. (10)
1 TeV MGUTThus its lifetime is much longer than the present age of the Uni-
verse, and is regarded as a stable particle. The relic abundance of
colored particles was estimated in Ref. [28], where it was pointed
out that they annihilate eﬃciently after the QCD phase transition
and the abundance is signiﬁcantly reduced. However, even with
the small abundance, such stable colored particle was already ex-
cluded by the heavy hydrogen search [29]. Even if it is unstable, it
may have non-negligible effects on BBN [30].
The cosmological problem of the stable colored particles can be
avoided if the reheating temperature of the Universe after inﬂation
is lower than the mass m10f ∼ TeV, which however is diﬃcult to
reconcile with the leptogenesis scenario. Alternatively, we may in-
troduce a small mixing between Ψ10 and the SM fermions. Note
that there is an interaction,
L= yφ(16)1 ψ(SM)5¯ ψ
(10)
5 + h.c., (11)
where y is a coupling constant taken to be real, φ(16)1 is a part of
Φ16 , ψ
(SM)
5¯
and ψ(10)5 are a part of Ψ16 and Ψ10 , respectively. If
φ
(16)
1 develops a tiny VEV of 〈φ1〉, the colored part of Ψ10 will be
mixed with the SM quarks, and therefore it will decay into the SM
particles via the mixing. The decay rate is estimated to be
Γ
(
Ψ color10
)∼ 10−2θ2m10f
 (10−11 s)−1( θ
10−7
)2( m10f
1 TeV
)
, (12)
where θ  y〈φ1〉/ξ denotes the effective mixing angle. Note that
the VEV of φ(16)1 breaks Z2(B−L) , and therefore, it cannot be ar-
bitrarily large, since otherwise the baryon asymmetry would be
erased before the electroweak phase transition. Requiring that
ψ
(SM)
5¯
–ψ(10)5 conversion process, whose rate is given by Γ ∼
α2s θ
2T , does not reach equilibrium before the electroweak transi-
tion, we ﬁnd θ  10−7 [31,32]. The Ψ color10 decays much before the
BBN for such a small value of θ . Interestingly, the decay of Ψ color10
may be observed inside the detector at the LHC.
Another solution is to extend the above framework to a SUSY
version. Then Ψ10 will decay into a SM fermion and SUSY particles
via an exchange of a fermionic superpartner of Φ10 . The decay rate
of this process is now given by
Γ
(
Ψ color10
)∼ 10−2 m310f
M2GUT
 (10 s)−1
(
m10f
1 TeV
)3(1016 GeV
MGUT
)2
, (13)
and hence is much faster than that induced by the dimension-six
operator, as long as the Ψ color10 is heavier than the SM particles
and their superpartners. Thus it can decay before BBN begins,
and become cosmologically harmless. Although this decay process
produces SUSY SM particles, their abundance is negligibly small
because the Ψ color10 annihilates eﬃciently during the QCD phase
transition, as mentioned above [28].
4. Discussion and conclusions
So far we have focused on a case that a light particle X was
in equilibrium and decoupled after the QCD transition. Let us here
brieﬂy mention the other possibility, namely, the X decoupled be-
fore the QCD phase transition. In this case, the number of species
n must be about 5–10 in order to account for Neff ∼ 1. We need
some explanation for a light mass of these particles. As noted in
the footnote 3, one possibility is a non-Abelian gauge symmetry.
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itino becomes massless, and there might be several gravitinos in
a supergravity theory with, e.g. N = 8 [34]. If some of the graviti-
nos are extremely light, they may reach thermal equilibrium and
decouples before the QCD phase transition [35,36] and they may
account for the extra radiation.
While it seems diﬃcult to signiﬁcantly improve the constraint
on Neff from the helium abundance determination, the forthcom-
ing Planck result will tell us about Neff with an accuracy of ∼ 0.3
at 68% C.L. [33]. Thus the existence of extra radiation will be con-
ﬁrmed or disfavored by the Planck satellite.
Interestingly, our model of the chiral fermion has implications
for the collider experiments. Let us comment on possible signa-
tures at the LHC. In the model, there exists a new heavy gauge
boson AH of mass of O(1) TeV which couples the light chiral
fermion and the SM fermions. The search strategy for such a gauge
boson is the same as the Z ′ boson search. The Tevatron experi-
ment put the most stringent constraint on the AH boson mass,
which depends on the coupling gAff [37]. According to the ATLAS
study [38], the AH boson mass of 3 TeV is within the reach of 5σ
discovery with integrated luminosity of 10 fb−1.
As a concrete realization of such a chiral fermion model, we
have constructed an E6-inspired model. In this model, the above
fermion X is identiﬁed with an SU(5) singlet fermion Ψ1 in the 27
representation of E6 and there also exist long-lived colored parti-
cles Ψ color10 with mass of O(1) TeV. The production cross section of
such a particle at the LHC is around 10 fb for the 1 TeV colored
particle, and 10−3 fb for the 3 TeV colored particle [39]. Once pro-
duced, it leaves characteristic signatures on detectors depending on
whether a hadronized particle has an electric charge or not [40],
as well as on whether the particle decays inside the detector or
not. Hence such a long-lived colored particle with mass of a few
TeV may be within the reach of LHC.
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